The genetic code can be expanded to include unnatural amino acids (Uaas) by engineering orthogonal components involved in protein translation. To be compatible with live cells, side chains of Uaas have been limited to either chemically inert or bio-orthogonal (i.e., nonreactive toward biomolecules) functionalities. To introduce bioreactivity into live systems, the genetic code has recently been engineered to encode a new class of Uaas, the bioreactive Uaas. These Uaas, after being incorporated into proteins, specifically react with target natural amino acid residues via proximity-enabled bioreactivity, enabling the selective formation of new covalent linkages within and between proteins both in vitro and in live systems. The new covalent bonding ability has been harnessed within proteins to enhance photostability, increase thermostability, staple proteins recombinantly, and build optical nano-switches, and between proteins to pinpoint ligand-receptor interaction, target native receptors irreversibly, and generate covalent macromolecular inhibitors. These diverse bioreactivities, inaccessible to natural proteins, thus open doors to novel protein engineering and provide new avenues for biological studies, biotherapeutics and synthetic biology.
Introduction
The essential framework for protein structure and function is provided by covalent peptide bonds in the backbone and noncovalent interactions among amino acid side chains. The disulfide bond formed between two cysteine residues is a unique covalent linkage between amino acid side chains, and plays crucial roles in the folding, stability, and activity of a variety of proteins such as antibodies, cytokines and membrane-associated receptors [1, 2] . However, the weak bonding, reversibility, and redox sensitivity of the disulfide bond impose limitations on protein function, engineering, and applications [3] . Isopeptide bonds between Lys and Asn or Asp have also been discovered, but they form in the hydrophobic protein interior only and require an essential Glu or Asp residue to catalyze the reaction [4] . Although protein crosslinking is a common biological mechanism contributing to processes such as blood coagulation and tissue stabilization, the covalent crosslinking requires various enzymes to activate amino acid side chains for reaction [5] . In general, side chains of natural amino acid residues except cysteine rarely form covalent bonds spontaneously in native cellular environments. Therefore, a fundamental limitation of natural proteins is the inadequacy in covalent bonding of their side chains. Additional types of covalent linkages would expand avenues for generating novel protein properties and functions.
The genetic code specifies 20-22 natural amino acids for building proteins, and this code is preserved in virtually all life forms on earth with just minor variations [6, 7] . In recent years, the genetic code has been artificially expanded to include unnatural amino acids (Uaas) by introducing into cells an orthogonal tRNA/ aminoacyl-tRNA synthetase (aaRS) pair that is specific for the Uaa and compatible with protein translational machinery [8] [9] [10] . The orthogonal aaRS charges the desired Uaa onto the orthogonal tRNA, and the aminoacylated-tRNA incorporates the Uaa into proteins in response to a unique codon (the amber stop codon UAG is often used) through protein translation in live cells [11, 12] . This methodology was initially established in E. coli [10] , and later proven generally applicable in yeast [13, 14] , mammalian cells [15] [16] [17] , stem cells [18] , plants [19] , invertebrates including C. elegans [20, 21] and Drosophila [22] , even as well as embryonic mouse brain [23] . More than 100 Uaas with a variety of side chains have been genetically incorporated into proteins using this approach [11, [24] [25] [26] , and this number is increasing with efforts from multiple research groups worldwide [27] [28] [29] [30] [31] [32] [33] .
To be compatible with live cells or systems, all Uaas genetically incorporated in the past contain functional groups that are either chemically inert or bio-orthogonal, that is, they are nonbioreactive. To break the natural barrier to protein synthesis by enabling new covalent bonding ability for proteins in live cells, would it be possible to genetically encode bioreactive Uaas, i.e., Uaas with functional groups that can react with biomolecules inside cells ( Fig. 1 )? Here we review how bioreactive Uaas, initially thought infeasible for genetic encoding, became a new class of Uaas specifiable by the genetic code in live cells. Examples are given to illustrate the unique abilities of these bioreactive Uaas affording to proteins via their specific reactivities.
Methodology

Genetically encoding a bioreactive uaa is a conundrum
The method of building new covalent linkages into proteins is to genetically incorporate a Uaa into the target protein and to enable the Uaa to react with a natural amino acid side chain to form a covalent bond selectively. Two conundrums arise for execution: 1) To form a new covalent bond between the side chains of a Uaa and Fig. 1 . The genetic code has been expanded to include non-bioreative Uaas. Would it be possible to genetically encode bioreactive Uaas? a natural amino acid, the Uaa must be reactive toward the target natural amino acid. However, if the reactivity is uncontrolled, the ubiquitous presence of the natural amino acid in proteins and inside cells will result in undesired nonspecific linkages, which can potentially cause cytotoxicity as well.
2) The required bioreactivity may make the Uaa react with proteins involved in translation, thereby blocking the addition of the Uaa to the nascent protein via translation.
Proximity-enabled bioreactivity
We hypothesize that this impasse of bioreactivity, genetic encoding, and selectivity can be overcome via the concept of Proximity-Enabled Bioreactivity (Fig. 2) [34] . Specifically, we propose to tune the reactivity of the Uaa so that it does not react with free natural amino acids and other biomolecules under physiological conditions, thereby permitting genetic incorporation in vivo via endogenous translational machinery. When the Uaa comes into proximity to its target natural amino acid residue in proteins with appropriate orientation, the increased local effective concentration then facilitates the Uaa to selectively react with the side chain of the target natural residue to create a covalent bond. The bond can be built intramolecularly within a protein or intermolecularly between two proteins.
Feasibility of this hypothesis is supported by previous research on proximity effects on other systems. When small molecules are brought close by a DNA template, their reactivities can be enhanced several hundred folds [35] . Reactivities between proteins and small molecules can also be enhanced by proximity effect, which have been discovered in natural products [36] and utilized in developing irreversible ligands [37] , small molecule inhibitors, and activity-based protein profiling [38] . Amino acid side chains readily get close to each other either within proteins or at the interface of interacting proteins, so we reasoned that harnessing the proximity of a designed Uaa and a target natural amino acid would enable the selective formation of a new covalent bond.
Existing chemistries for protein labeling and modification may not be directly applied for proximity-enabled bioreactivity in cells. Protein modification [39] generally target one type of residue, so the reactivity cannot be limited to a single residue and to the target protein alone in a mixture of proteins in cells. Innovative chemistries developed in activity-based protein profiling [38, 40] usually target catalytic residues and are accelerated by enzyme catalytic mechanisms. For proximity-enabled bioreactivity, the covalent linkage can be desired anywhere inside or at the surface of protein, which might lack a catalytic active site. Bioorthogonal click reactions proceed with fast rates under mild biocompatible conditions [41] , yet they require two non-natural reaction partners (e.g., azide and alkyne) and are designed inert to biological functionalities. Photocrosslinking is not specific to a particular amino acid residue.
The chemistry for proximity-enabled bioreactivity will involve a functional group incorporated into the protein that is selectively reactive toward a specific natural residue, and the reaction must proceed efficiently under physiological conditions. A single-step reaction is preferred; reactions that require multistep conversion or exogenous catalysts may not be compatible with cellular and in vivo administration. Lastly, the reaction should be non-toxic and should not negatively interfere with other endogenous biological processes.
First success with Uaa F fact targeting Cys
We designed p-2 0 -fluoroacetyl-phenylalanine 1 (F fact , Fig. 3A ) as the Uaa to react with Cys [34] . The sulfhydryl group of Cys has the highest nucleophilicity among chemical groups occurring in natural amino acid side chains, so we expected that a weak electrophilic group, only when close to a Cys residue, would selectively react with it. C-F bond is strong and F is not a great leaving group in S N 2 reactions, but the carbonyl group of F fact would increase its reactivity making the C a weak electrophile. In fact, small molecule or peptidyl fluoromethyl ketones have been shown to react irreversibly with Cys in the active site of a cysteine proteinase [42] and the S6 kinase [40] .
The reactivity of F fact toward Cys was initially tested in vitro using amino acids. Because intracellular concentrations of amino acids (except Glu) are usually <1 mM and average protein concentration is 3 mM inside cells [43] , we used 1 mM of Uaa to react with the target natural amino acid Cys at 0.05, 1 and 10 mM, respectively, in phosphate buffer (pH 7.4) at 37 C for 24 h to mimic the mild intracellular conditions. In reactions containing 1 mM F fact and 50 mM Cys, no F fact was found to react with Cys. A small percentage (<5%) of F fact reacted with Cys when Cys concentration was increased to 1 mM. In contrast, in reactions containing 1 mM F fact and 10 mM Cys, F fact was completely converted to the product (Fig. 3B) . A major effect of proximity is to increase the effective concentration of the reactants, with effective molarity reaching as high as 10 5 M [37] . These concentration-dependent results thus suggest that the reactivity of F fact with Cys could be enhanced by proximity.
Given the presumption that bioreactive Uaas will not be able to go through translation, it is crucial to convincingly prove that the Uaa can be genetically incorporated into proteins in live cells. In addition, it is important to determine if the Uaa, after incorporation into the protein, remains intact or is modified by other biomolecules inside the cell. Since F fact is structurally similar to pacetyl-L-phenylalanine (F act , Fig. 3A ) with only a hydrogen atom replaced by fluorine, we attempted to incorporate F fact into an affibody protein at site 36 (codon for Asp36 mutated to the amber stop codon TAG) using the orthogonal tRNA-synthetase pair evolved for F act [44] . After expressing in E. coli, full-length affibody production was markedly increased (43 fold) when F fact was added in the growth media ( Fig. 3C ). Electrospray ionization mass spectrometric (ESI-MS) analysis of the purified affibody showed that only F fact was specifically incorporated at the 36TAG site ( Fig. 3D ). More importantly, there were no MS peaks corresponding to the affibody with F fact reacted with Cys, glutathione, imidazole, or any amino acid residue of the affibody, indicating that F fact was stable and unmodified during protein biosynthesis and purification.
To determine if F fact could react with Cys via proximity-enabled bioreactivity in protein context, we used the affibody-Z protein pair as the model system and introduced F fact and Cys at their binding interface (Fig. 3E ). The affibody binds to its substrate Z protein with a K d of 6 mM, and the structure of the complex are available to guide site selection [45] . We introduced Cys at site 6 of the Z protein, and incubated the purified affibody(F fact 36) with the purified Z(Cys6) in PBS buffer (pH 7.4) at 37 C. A band with molecular weight corresponding to the affibody-Z complex was detected on denaturing SDS-PAGE ( Fig. 3F) , indicating that the two proteins were covalently crosslinked. The yield of covalent complex formation was 63 AE 3% (n = 3). MS analysis of the reaction product confirmed that the complex was covalently linked by F fact reacting with Cys. This complex band did not form when F fact 36 was replaced by the non-fluorinated F act in the affibody or when Cys6 was replaced by Asn in the Z protein ( Fig. 3F ). In addition, when we placed Cys at Z protein Asn3 instead of Asn6, no covalent affibody-Z complex was formed (Fig. 3F, lane 5) , indicating the reaction is proximity-dependent.
These results demonstrate that a bioreactive Uaa can be genetically encoded in E. coli cells and remains intact. Only when in proximity to a target natural amino acid residue, the incorporated bioreactive Uaa then selectively reacts with its target residue via proximity-enabled bioreactivity, forming a covalent linkage in high specificity.
Diverse Uaas targeting different natural amino acid residues
Targeting Cys
In addition to fluoromethyl ketone embedded in Uaa F fact [34] , other functional groups installed on diverse Uaas have been subsequently demonstrated to be suitable for genetic encoding and reacting with Cys via proximity-enabled bioreactivity. A series of haloalkane Uaas were designed and synthesized containing different halogen atoms linked with aliphatic chains of varying length (Fig. 4B) [46] . The M. mazei tRNA Pyl CUA /PylRS pair was evolved to incorporate these Phe-scaffold Uaas [32] into myoglobin in E. coli and mammalian cells. ESI-FTMS analysis of mutant myoglobin showed that the Uaas were specifically incorporated and no side reaction of the Uaa with Cys, glutathione or any other amino acid residue was observed, indicating that the Uaa did not undergo modification or nonspecific self-reaction. These haloalkane Uaas, after incorporation into the affibody, react with a proximal Cys of the Z protein at the interface, crosslinking the two proteins irreversibly in the efficiency of $45% in 1 h [46] . Similarly, the Cl-PSCaa, 2-amino-3-(4-((3-(chloromethyl)phenyl)diazenyl)phenyl) propanoic acid, with benzyl chloride installed on an azobenzene was shown to be incorporated by the evolved tRNA Pyl CUA / MmPSCaaRS pair in E. coli and mammalian cells, and the incorporated Cl-PSCaa reacts with a proximal Cys to form an intramolecular photoswitchable bridge (Fig. 4C) [47] . Besides the above nucleophilic substitution reactions, nucleophilic aromatic substitution (S N Ar) was also successfully exploited for proximityenabled bioreactivity. The F-PSCaa, (S,E)-2-amino-3-(4-((perfluorophenyl)diazenyl)phenyl)propanoic acid, has been genetically incorporated into proteins by the tRNA Pyl CUA /MmPSCaaRS pair, and reacts with a proximal Cys within the protein to build a photoswitchable bridge in situ ( Fig. 4D) [48] . Altogether these results suggest the proximity-enabled bioreactivity can be generally applied to a range of Uaas with different functional groups and side chain scaffolds.
Targeting His and Lys
Initial efforts in developing proximity-enabled bioreactivity have been focused on targeting the Cys residue [34] . Although Cys plays a crucial role in disulfide bond formation and catalysis in a variety of proteins, other amino acids containing hydrophilic side chains are often found at protein surfaces and interfaces where a Cys may be absent [49] . Cys mutants can be generated to fulfill the requirement sometimes, yet in many situations such as addressing a therapeutic target in vivo it is infeasible to modify the target protein genetically or chemically. Therefore, the ability to target residues other than Cys for covalent bond generation would dramatically expand the diversity of proteins applicable by proximity-enabled bioreactivity.
Chen et al. found that alkyl bromide, when installed on a long linear alkyl side chain, is able to react with His and Lys via proximity-enabled bioreactivity [50] . The Uaa (S)-2-amino-6-(6bromohexanamido)hexanoic acid (BrC6 K) ( Fig. 4E ) was synthesized and incorporated into proteins by the evolved tRNA Pyl CUA / BrC6KRS pair. By incorporating BrC6K at site 30 and placing Cys/ His/Lys at the proximal site 47 in the affibody, they analyzed the mutant proteins with MS. The results showed that BrC6K formed the covalent bond with Cys at pH 7.4 in 100% yield, with His at pH 8.0 (23% yield) or pH 8.8 (50% yield), and with Lys at pH 8.8 (12% yield). In another study, Furman et al. reported that Uaa carrying vinylsulfonamide (Fig. 4F) can be genetically incorporated into proteins in E. coli. They demonstrated that the incorporated Uaa rapidly reacts with Lys in 86% efficiency at pH 7.4 in vitro, enabling the covalent crosslinking of Herceptin Fab to the HER2 receptor [51] . 
Intramolecular PEPC
The ability to genetically encode a bioreactive Uaa selectively reacting with a natural amino acid residue under mild conditions now enables the specific introduction of covalent bonds for proteins in vitro and in live cells, which we call Proximity Enabled Protein Crosslinking (PEPC) [34, 46] . PEPC can occur within or between proteins to afford new opportunities for protein research and engineering.
Enhance photostability of fluorescent proteins
The spatial and temporal resolution of single molecule imaging is determined by photon output of the fluorophore [52, 53] , which is limited by its photostability. Fluorescent proteins have played an important role in biological imaging with conventional and super resolution [52] . However, it has been challenging to improve the photostability of fluorescent proteins. The fluorophore of all fluorescent proteins has one end covalently linked to the central a-helix with the other end dangling (Fig. 5A ). We envisioned that if the other end could also be covalently linked to the b-barrel, the fluorophore would become more rigid to increase the photostability. The crystal structure of the red fluorescent protein mPlum shows that Ser146 is 2.6 Å (distance of O-O) away from the Tyr67 of the fluorophore [54] . We thus replaced Tyr67 with F fact and Ser146 with Cys to facilitate bond formation for covalently attaching the fluorophore [34] . After expressing mPlum S146C/Y67F fact mutant in E. coli, MS analysis indicate that F fact 67-Cys146 bond has already formed in almost 100% efficiency without any further treatment. Single molecule analysis showed that mutant S146C/Y67F fact had 2.24 fold longer lifespan and a marked 1.86 fold increase in photon output than the mutant S146C/Y67F act (F act is an isosteric control for F fact and cannot form covalent bond with Cys, Fig. 3A ). Even when compared to the wild type (WT) mPlum, mutant S146C/ Y67F fact showed 1.92 fold increase in lifespan and 1.86 fold increase in photon output (Fig. 5A ). Photobleaching of bulk mPlum proteins results in a t 1/2 of 7.0 s, while bulk mutant S146C-Y67F fact yields t 1/2 of 14.1 s showing enhanced photostability.
When F fact -Cys were introduced at the corresponding positions into mKate2, another red fluorescent protein with photostability optimized through non-covalent interactions [55] , single molecule analysis indicated that the lifespan of mKate2(S143C/Y64F fact ) increased 1.49 fold and the photon output increased 2.31 fold relative to mKate2(S143C/Y64F act ). In comparison to WT mKate2, mKate2(S143C/Y64F fact ) also had 2.04 fold increase in lifespan and 2.46 fold increase in photon output [34] . Altogether these results demonstrate that the F fact -Cys covalent bond is spontaneously formed within the two fluorescent proteins after protein translation, which is impossible to achieve with other means. This single covalent bond improves the photostability and photon output of fluorescent proteins.
Increase protein thermal stability
Haloalkane Uaa and Cys were introduced into the same Afb protein to build a covalent protein bridge crosslinking its two a-helices (Fig. 5B) [46] . After protein expression in E. coli followed by purification, mutant proteins of Afb-30BetY-47C and Afb-30BprY-47C clearly showed strong peaks with monoisotopic masses corresponding to the Afb containing a covalent Cys-Uaa bond at the introduced positions, indicating successful intramolecular crosslinking. The thermal stabilities of the WT Afb, Afb-30BetY-47C and Afb-30BprY-47C were measured using circular dichroism (CD) [56] . The WT Afb and mutant Afb-30BprY-47C had similar melting temperature (T m ) of 46.7 C and 46.5 C, respectively. In contrast, mutant Afb-30BetY-47C showed a markedly higher T m of 60.4 C. These results suggest that an intramolecular covalent protein bridge of an appropriate length improves the thermal stability of Afb.
Recombinant protein stapling and protein bridging
Stapled peptides have strong potential for biological therapeutics for their increased interacting surface, resistance to degradation, and cell permeability [57] [58] [59] . The flexibility of the Uaa BrC6 K side chain was exploited to build covalent linkages on a-helix in cells as a new way to recombinantly staple a-helix ( Fig. 5C) [50] . Sites 42 and 46 on one a-helix of the affibody [45] were chosen for incorporating Cys and BrC6K, respectively. The affibody was expressed in E. coli and purified for ESI-FTMS analysis. Monoisotopic masses clearly indicate that the covalent staple was built at the introduced sites in 100% efficiency without any further treatment. In addition to staple one a-helix, one can also readily bridge two a-helices by placing the BrC6K and Cys at two different a-helices (similar to the approach shown in the section above). The
Stapled peptides could only be chemically synthesized before using toxic catalysts. Bioreactive Uaas now allow recombinant expression of stapled peptides and stapled proteins, which will facilitate the development of this class of biotherapeutics (e.g., library generation, production).
Build optical nano-switch for molecular opto-biology
The ability to control protein function with light provides excellent temporal and spatial resolution for precise investigation in situ, and thus is having significant impact on neuroscience and expanding to general biology [60] [61] [62] [63] [64] . Two major barriers of existing optogenetic methods are that 1) they cannot be readily applied to any protein in general, and 2) they cannot provide high specificity and flexibility in selecting modulation site, thus limiting the precision of studies. To address these issues, we genetically built a light-sensitive nano-switch onto proteins to reversibly modulate protein secondary structures or domains (Fig. 5D ). PhotoSwitchable Click amino acids (PSCaa) are designed to contain Fig. 6 . Intermolecular PEPC for protein research and applications. (A) Pinpoint ligand-receptor interaction. Photocrosslinking probe Azi was incorporated into CRF1R to reveal the binding pocket (in purple) for its native peptide agonist Ucn1; Bioreactive probe F fact was incorporated into CRF1R together with Cys in Ucn1 to determine reciprocal spatial constrains (circle with same colors) of the receptor-ligand complex. Obtained from intact receptor expressed in live cells, these data were used to build a complete conformation model for the CRF1R complexed with Ucn1. (B) Target native receptor irreversibly. The BrC6K-Z HER2 affibody (with BrC6K incorporated at Asp37) covalently bound to the endogenous HER2 receptor on SKBR3 breast cancer cells, while the WT-Z HER2 could not. Cells were incubated with FITC-labeled WT-or BrC6K-Z HER2 , washed to disrupt non-covalent interactions, and then imaged for FITC signal and western blotted for the His6 tag appended to Z HER2 . (C) Develop covalent peptide inhibitor. Installation of sulfonyl fluoride on SAHp53-8 peptide increases its inhibition of p53-Mdm4 interaction by 10-fold. the azobenzene photoswitch and an additional click chemical group, which selectively reacts with an appropriately positioned natural amino acid residue to form a covalent nano-switch cotranslationally via proximity-enabled bioreactivity.
Two PSCaas, the Cl-PSCaa (Fig. 4C ) [47] isomerized by light of 365/405 nm and the F-PSCaa (Fig. 4D) [48] isomerized by visible light of 405/540 nm, were synthesized and genetically incorporated into proteins in E. coli and mammalian cells by the tRNA Pyl / MmPSCaaRS pair. To build a nano-switch, the F-PSCaa was incorporated into the central helix of calmodulin (CaM) at residue 76 and a Cys was placed at the i + 7 position (residue 83) (Fig. 5D ). After expressing in E. coli, the CaM mutant protein was purified and analyzed by high-resolution mass spectrometry. The data indicate that only F-PSCaa was incorporated at site 76 and an intramolecular bond was formed between the F-PSCaa and the Cys, forming the nano-switch in 100% efficiency. Similar results were also obtained for the Cl-PSCaa [47] .
The isomerization process of the nano-switch containing CaM was monitored using UV-vis spectroscopy [48] . Green light (540 nm) drives a clear trans to cis photoisomerization of the nano-switch, and subsequent illumination with blue light (405 nm) results in cis to trans photoisomerization yielding the photostationary state (pss) of the trans state. Successive illumination with either green or blue light allows for reversible transformation between the two states without showing fatigue of the nano-switch. Moreover, photoisomerization of the nanoswitch drives CaM conformational change reversibly as detected by circular dichroism (Fig. 5D ). Upon trans to cis photoisomerization the intensity of the n-p* transition band at 208 nm decreased (red line), with magnitude comparable to that of wild-type CaM before and after Ca 2+ binding [65] , suggesting a clear conformational change of the CaM. Notably, the conformation of the ground trans state was restored by cis to trans photoisomerization using blue light subsequently (blue line).
The binding function of CaM could also be photo-modulated by the nano-switch. The binding of CaM to the CaM-binding domain of the neuronal nitric oxide synthase (NOS-I) was measured [48] . Upon binding, CaM wraps around the NOS-I peptide, which results in fluorescence change of dansyl chloride labeled onto CaM [66] . After addition of NOS-I peptide to the trans form of the nanoswitch-CaM, the fluorescence intensity markedly increased by 215%, which is indicative of the NOS-I peptide binding to CaM (green line, Fig. 5D ). In contrast, addition of NOS-I to the cis pss of the nano-switch-CaM increased the fluorescence by only 50% (green line), indicating that photoswitching the nano-switch to cis form decreased CaM binding.
The nano-switch can be a versatile optical controller to modulate various positions and features of proteins, without the need to know the function of the protein in advance. This new mechanism of modulating the structure, rather than modulating the function that is used in existing optogenetic methods, will be particularly valuable for investigating unknown protein function.
Intermolecular PEPC
Pinpoint ligand-receptor interaction in live mammalian cells
Class B GPCRs are peptide receptors of high pharmacological relevance to widespread diseases, yet molecular determinants regulating their activation by peptide agonists are largely unknown [67] . To investigate the interaction between the corticotropin releasing factor receptor type 1 (CRF1R) and its native peptide ligand Urocortin-I (Ucn1) directly in mammalian cells, photocrosslinking Uaa Azi was first incorporated in CRF1R expressed in mammalian cells at various positions to crosslink the ligand Ucn1 upon UV light activation (Fig. 6A) [68, 69] . A covalent complex of CRF1R-Ucn1 detected by Western analysis of cell lysate indicates that Ucn1 interacts with CRF1R at the Azi incorporation site, resulting in a map of the interaction sites on the receptor. However, photocrosslinking reaction is not specific to amino acid residues, and therefore how the ligand is positioned in the receptor remains unclear. The bioreactive Uaa F fact is then introduced into CRF1R and Cys positioned at different sites of the ligand Ucn1. Since F fact reacts with Cys in residue-specific and distance-dependent manner, the detection of CRF1R-Ucn1 covalent complex resulting from the F fact -Cys reaction thus provides reciprocal spatial constrains of the receptor-ligand interaction. These data were analyzed in the context of separate structures of CRF1R transmembrane domain and extracellular domain, yielding the first complete conformational model for the peptide-receptor complex. Structural features of the complex yield molecular insights on the mechanism of receptor activation and the basis for discrimination between agonist and antagonist function [69] .
Target native receptors irreversibly
The efficacy of protein therapeutics is dependent upon the association and dissociation rates between the therapeutic agent and the target protein [70, 71] . Although antibodies can have high affinities for their targets, in many cases such as cancer and infectious diseases, it is crucial to completely remove the pathogenic cells or the microbial pathogen. Antibody dissociation is also an obstacle in imaging [70, 71] . These processes would be significantly enhanced if the therapeutic can covalently crosslink to its target. Through intermolecular PEPC, a covalent affibody has been generated to irreversibly crosslink the endogenous human epidermal growth factor receptor 2 (HER2) on breast cancer cells ( Fig. 6B) [50] . Based on the crystal structure of the HER2 extracellular domain in complex with the HER2-specific affibody Z HER2 [72, 73] , the bioreactive Uaa BrC6 K was incorporated at site 37 into the Z HER2 affibody to target the His490 of HER2. Incubation of this BrC6K-Z HER2 with HER2 positive breast cancer cells results in covalent binding of the BrC6K-Z HER2 to cells, which cannot be washed away using stringent conditions that disrupt noncovalent binding of WT Z HER2 [50] . In another independent study [51] , Uaa p-vinylsulfonamido-(S)-phenylalanine ( Fig. 4F ) was incorporated into the Herceptin Fab at site Tyr92, and the resultant mutant Fab were incubated with HER2 positive cancer cells. Fluorescence imaging and western analysis showed that the Fab covalently binds with HER2 receptor on cell surface through the Uaa reacting with Lys569 of HER2. The vinylsulfonamide group shows high crosslinking efficiency, but its high reactivity also results in undesired glutathione modification of the Uaa when the Uaa was incorporated in the mutant Fab in E. coli. Together these two studies prove the feasibility of genetically encoding bioreactive Uaas in therapeutic proteins to covalently bind native receptors without the need to modify the target receptor genetically or chemically.
Develop covalent peptide inhibitors
Small molecules can be covalently attached to proteins via either reacting with the catalytic residues or through liganddirected chemistry; such covalent reactivities have been harnessed to improve the drug potency [74] and to selectively label proteins [75, 76] . In contrast, it has been difficult to design and implement macromolecular covalent inhibitors. Macromolecules such as peptide inhibitors have increased molecular weight and bulk, making them difficult to reach the active site of target proteins. They usually gain access to protein surface or protein-protein interacting interface, but catalytic residues are often lacking there for covalent bond formation. Through intermolecular PEPC, covalent peptide inhibitors have been generated (Fig. 6C) [77] . A sulfonyl fluoride containing Uaa was inserted into the stapled peptide SAHp53-8, and the resultant peptide binds Mdm4 covalently through the Uaa reacting with His or Lys of Mdm4. Such irreversible binding dramatically increases the inhibition activity of the SAHp53-8 peptide to p53-Mdm4 interaction by 10fold. In this study the sulfonyl fluoride group was conveniently installed on the peptide chemically; for lager proteins, genetically encoding PEPC-capable bioreactive Uaas in live cells will readily generate macromolecular covalent inhibitors.
Conclusions
The concept of proximity-enabled bioreactivity now enables the genetic encoding of a new class of Uaas, the bioreactive Uaas, in live cells. Distinct from natural amino acids and Uaas incorporated in the past, the bioreactive Uaas are able to selectively form covalent linkages with a target natural amino acid residue in proximity in proteins. These genetically introduced new covalent linkages for proteins break the natural barrier in protein biosynthesis, and are affording novel avenues for researching protein functions and engineering new protein properties. In the future we expect more bioreactive Uaas will be designed and encoded to target various natural amino acid residues, and the proximity-enabled bioreactivity concept may be further expanded to target other biomolecules inside cells. These explorations will generally impact biological studies, biotechnology, biotherapeutics and synthetic biology.
